Botulinum neurotoxins (BoNTs) are the most potent toxins to mammals. A toxoid vaccine was previously used for prevention of botulinum intoxication; however, this vaccine is no longer available. Currently, no approved botulinum vaccines are available from the Food and Drug Administration (FDA). Recently, a recombinant host cell receptor-binding subunit created for use as a potential vaccine completed phase 2 clinical trials. The current study designed a vaccine candidate against BoNT type A (BoNT/A) using a structural design. Our vaccine candidate was the BoNT/A heavy chain C-terminal region (HCR) that contained the point mutation BA15 (R1269A) within the ganglioside-binding site. A Biacore affinity test showed that the affinity of BA15 for ganglioside GT1b was 100 times lower than that of the HCR. A SNAP25 cleavage assay revealed that immunized sera blocked SNAP25 cleavage of the BoNT/A toxin via BA15. In an in vivo experiment, mice and guinea pigs immunized with BA15 produced neutralizing antibodies that protected against 3,000 LD 50 of BoNT/A. In conclusion, the results of both in vitro and in vivo assays showed that our BA15 vaccine candidate was similar to the recombinant host cell receptorbinding subunit vaccine. The inability of BA15to bind ganglioside shows that BA15 is a potential safe vaccine candidate.
Introduction
Botulism, a fatal paralytic disease, is caused by potent neurotoxins that are produced by the anaerobic Gram-positive sporeforming bacterium Clostridium botulinum.
1 Botulinum neurotoxins (BoNTs) are categorized into eight serotypes: A, B, C, D, E, F, G and H. Serotypes A, B, E, F, and H can infect humans, whereas serotypes C and D can infect other animals, such as cattle and birds. 2, 3 Because of their potent toxicity, BoNTs were one of the first agents considered a biological warfare agent. 4 BoNTs are composed of a 50 kDa light chain and a 100 kDa heavy chain linked by a single disulfide bond. The N-terminal catalytic light chain functions as a zinc metalloprotease, whereas the heavy chain contains two functional domains: a translocation domain and a receptor-binding domain. 5 BoNTs can enter the body through the respiratory system (inhalational botulism), the gastrointestinal tract (foodborne and infant botulism), and infected wounds (wound botulism). 4, 6, 7 Upon infection, the circulatory system transports the toxin to a peripheral nerve, primarily targeting neuromuscular junctions. In nerve cells, BoNT inhibits the exocytosis of acetylcholine, thereby inducing neuromuscular paralysis. [8] [9] [10] Vaccination is the most effective medical countermeasure to prevent botulism. 11 Current commercial vaccines are toxoids (i.e., inactivated whole toxins). Toxoid vaccines have side effects such as local and systemic reactions that are increased in individuals who receive a second shot. 12 To overcome the drawback of toxoid vaccines, researchers have studied a recombinant protein of the heavy chain to develop a vaccine. [13] [14] [15] The most advanced recombinant-based vaccine is the recombinant botulinum toxin A/B (rBV A/B) vaccine, which is currently undergoing clinical trials. 16 However, no current Food and Drug Administration (FDA)-approved recombinant subunit vaccines exist for the prevention of botulism. Therefore, a recombinant subunit vaccine with improved efficacy and safety must be developed. Przedpelski et al. developed a heavy chain Cterminal region (HCR) subunit vaccine that has the point mutation W1266A within the ganglioside-binding site. 17 These authors demonstrated the efficacy of the vaccine. The current study designed a vaccine candidate using BoNT/A HCR/A that contained the point mutation BA15 (R1269A) within the ganglioside-binding site. For the first time, we investigated the efficacy of BA15 using in vivo and in vitro assays. We demonstrated that our vaccine candidate protects mice and guinea pigs against a lethal botulinum A toxin challenge, and our in vitro results should contribute to the development of this vaccine.
involved in the binding of the HCR domain and GT1b. The Y1117, E1203, F1252, H1253, S1264, W1266, S1275, R1276 and R1269 amino acid residues were shown to be present in the ganglioside-binding pocket (GBP).
18 Y1117 interacts with the terminal 5 0 -sialic acid (Sia5) via hydrophobic stacking and hydrogen bonding. E1203 and H1253 hydrogen bond to galactose (Gal4) and N-acetyl galactosamine (GalNAc3), and the carbonyl oxygen of F1252 interacts by hydrogen bonding to Gal4S1264 and S1275 hydrogen bond to Gal4 and Sia5, respectively. W1266 interacts with Gal4 via hydrophobic stacking and hydrogen bonds to Sia6. R1269 indirectly interacts with GalNAc3 via water-mediated hydrogen bonding (Fig. 1) . We selected five of the amino acids located at the GT1b binding site composed of three HCR/A mutants substituted with alanine. The template structure for homology modeling was used for the binding domain of the BoNT/A complex with GT1b (PDB:2VU9). A 3D HCR/A model was generated using the MODELER module in DS 3.5. For each of the HCR/A mutants generated, ten models were selected for the lowest probability density function (PDF) energy and discrete optimized protein energy (DOPE) score, showing only the top five models. The final models were optimized using the Verified protein MOD-ELER tool. After verification, a slight decrease in the normalized DOPE score (¡1.448294, ¡1.429964, and ¡1.41263) was found, which indicated the structural stability of the models (Table 1) . 19 We obtained the backbone root mean square deviation (RMSD) for the model after super imposing 2VU9 onto the most-homologous template for BA15. The PDF, DOPE score and RMSD are shown in Table 1 . All models showed low RMSDs of < 0.25 A . In addition, more than 96% of the Ramachandran plot distribution was contained in the favored regions. None of the residues were outliers, except glycine (data not shown).
We compared the GT1b binding site of the three HCR/A mutants after completing homology modeling ( Fig. 2A) . When arginine 1269 was substituted with alanine (BA15), the watermediated hydrogen bonding between R1269A and GalNac3 disappeared (Fig. 2B ). In addition, the Y1117 and E1203 interaction was not observed at the binding site. This bonding appeared to change the angle of the residues in the modeling process; therefore, we concluded that it would not affect the actual interaction. The interaction between H1253 and W1266 that plays an important role in the GT1b binding affinity was maintained without any change. Therefore, we considered our optimized model satisfactory and reliable for the vaccine study.
BA15 protects mice and guinea pigs during a BoNT/A challenge
Mice were immunized with 30 mg of BA15 and HCR/A in 2% aluminum hydroxide and challenged with 100 LD 50 to 5,000 LD 50 of BoNT/A. BoNT/A LD 50 (a lethal dose that kills 50% of the mice) was evaluated at 0.125 ng/head using a probit analysis for the intraperitoneal challenge of BoNT/A ( Table 2 ). During the immunization period, all mice showed normal behavior, and side effects were not observed. In the first experiment, immunized mice were protected completely against the challenge with 100 LD 50 , 500 LD 50 and 1,000 LD 50 of BoNT/A. In the second experiment, immunized mice survived (10 of 10) against the challenge with 3,000 LD 50 of BoNT/A (Table 3) ; however, immunized mice died after challenge with 5,000 LD 50 of BoNT/A. These results indicate that 30 mg of these vaccine candidates protects mice against 3,000 LD 50 . In the third experiment, mice were immunized with 3 mg or 0.3 mg of BA15 and HCR/A in 2% aluminum hydroxide and challenged with 3,000 LD 50 and 1,000 LD 50 . All of the mice survived and showed normal behavior. These results demonstrated that 0.3 mg of BA15 and HCR/A produce protective IgG antibodies against BoNT/A.
Guinea pigs were immunized with 75 mg of BA15 and HCR/A in 2% aluminum hydroxide and challenged with 500 LD 50 to 5,000 LD 50 of BoNT/A. The BoNT/A LD 50 of the guinea pigs was evaluated at 4.2 ng/kg using a probit analysis for the intra-muscular challenge of BoNT/A ( Table 2 ). As shown in Table 4 , the vaccination of BA15 and HCR/A led to the full protection against a dose of up to 3,000 LD 50 of BoNT/A, and all animals showed normal activity.
Immunization with BA15 antisera protects na€ ıve mice against BoNT/A toxin
We investigated whether immunized sera prevented intoxication of na€ ıve mice exposed to BoNT/A toxin. Three-and 5-week sera of mice immunized withBA15, HCR/A and adjuvant only were separately mixed 1:1 with 10 LD 50 of BoNT/A toxin. Immunized sera with adjuvant only did not protect na€ ıve mice against BoNT/A 10 LD 50 . Mice administered 3-and 5-week immunized sera with the BA15 and BoNT/A toxin mixture were 100% protected. However, mice that received 3-week immunized sera with HCR/A died following challenge with10 LD 50 BoNT/A (Table 5 ).
Mouse serum with vaccination blocked SNAP25 cleavage from BoNT/A
BoNT/A catalyzes the cleavage of the SNAP25 protein at the neuromuscular junction. The cleavage of SNAP25 blocks synaptic vesicle exocytosis and leads to paralysis. The ability of the immunized mouse serum to inhibit SNAP25 cleavage was analyzed using the Neuro 2A cell line. Immunized mouse serum was added to cell cultures of the Neuro 2A cells in the presence of BoNT/A, and the cleavage of intracellular SNAP25 was measured via immunoblot. To confirm the SNAP25 cleavage patterns, we assessed the appropriate concentrations of BoNT/A and serum in dose-dependent treatments (data not shown). The SNAP 25 cleavage patterns were confirmed with 20 mg/ml BoNT/A toxin treatment (Fig. 3A, lane 2) . Eight units of NIBSC anti-BoNT/A equine serum with BoNT/A toxins were used as a positive control for the comparison of the neutralizing efficacy (Fig. 3A, lane 3) . In the absence of immunized serum, BoNT/A toxins cleaved cellular SNAP25 ( Fig. 3A and B, lane 2). SNAP25 was also cleaved in pre-immunized mouse serum treatment with BoNT/A toxins (Fig. 3A, lane 4) . Neuro 2A cells were treated with only mouse serum to test the effects of serum against SNAP 25 cleavage. SNAP25 was not affected by mouse serum treatments in the absence of toxins (Fig. 3B, lane 3) . The cleavages of SNAP25 were blocked with HCR/A or BA15 immunized mouse serum at week 10 ( Fig. 3B, lanes 4 -9) . However, SNAP25 cleavage showed greater inhibition in the presence of 5% BA15 immunized mouse serum (Fig. 3B , lanes 8 -9) compared to HCR/A immunized serum (Fig. 3B , lanes 4 and 6, lower bands). These results showed that BA15 immunized serum fully prevents the BoNT/A-induced cleavage of SNAP25.
BA15 protein elicits an immune response in mice and guinea pigs
The sera of mice and guinea pigs were analyzed to determine IgG titers. One week after the second immunization, IgG titers were approximately 100-1,000 in the sera of both mice and guinea pigs. One week after the third immunization, the IgG titers increased 10-to 50-fold compared with the second immunization (Fig. 4A) . The ELISA results indicated that the IgG of the sera neutralized BoNT/A, and protective immunity was generated in the animals. In the additional experiment, we analyzed the IgG titers of low-dose immunization (3 mg or 0.3 mg) in mice immunized with BA15 or HCR/A. The IgG titers of 3 mg immunization were greater than those of 0.3 mg in both the BA15 and HCR/A immunizations. The IgG titers of 0.3 mg of BA15 immunization were significantly greater than those of the HCR/A immunization in sera at 3 weeks and 5 weeks (Fig. 4A) . A third experiment analyzed IgG titers over a long-term period (15 weeks) in the mice immunized with BA15 or HCR/A. The IgG titer of BA15 was approximately maintained until 11 weeks, whereas the IgG titer of HCR/A markedly decreased at 9 weeks after immunization (Fig. 4B) .
The ganglioside GT1b binding affinity of BA15 and HCR/A
Affinities of ganglioside GT1b against HCR/A and BA15 were observed with surface plasmon resonance. The dissociation constant of BA15 was approximately 100 times lower than that of the HCR/A ( Table 6 ), signifying that the candidate lost some of its binding affinity due to the designed mutations. By losing binding ability against GT1b, BA15 was unable to recognize and bind to the designated cell surface or HCR/A; thus, it might have a lower cellular translocation rate.
Discussion
Botulism is a fatal neuroparalytic disease. Human botulism cases are primarily caused by botulinum toxins type A, B and E. 6 A pentavalent (ABCDE) botulinum toxoid vaccine has been used for individuals at risk for exposure (e.g., those in the research, veterinary and military fields). However, the use of this pentavalent toxoid vaccine was recently stopped, and only an ABEF toxoid vaccine is used in Japan. In 1998, the crystal structure of BoNT/A was determined, and the HCR domain was found to be composed of amino acids 872 to 1296. 20 The HCR domain of BoNT/A has become a major target for developing a new vaccine. Recombinant HCR subunit vaccines are currently being developed and evaluated. One such vaccine, rBV A/B, is composed of HCR domains from botulinum type A and B and is currently undergoing clinical trials. 16 In 2013, Przedpelski et al. investigated an HCR subunit vaccine with the point mutation W1266A within the ganglioside. 17 BoNT/A acts by binding to receptors on the nerve cell surface, and the HCR region of a single ganglioside-binding site mediates this action. 21 In fact, several investigators have shown that the BoNT/A HCR W1266 mutant plays a critical role in ganglioside binding. In addition, BoNT/A HCR W1266A lacked detectable binding to neurons without changing their structure. 17 Moreover, this mutant showed a more protective immune response to the wild-type BoNT/A challenge than the HCR/A without a mutation in a mouse model. 17 The current study approached the design of recombinant HCR/A vaccines by focusing on the mutation of amino acids related to the ganglioside-binding site. We modeled the elimination of receptor-binding affinity using amino acid substitution (BA15: R1269A). Because Arg, Tyr, His, Glu and Trp are conserved within the GBP, these mutations might be introduced into the HCR to induce a greater immune response and decrease binding to the nerve cells. A substitution or combination of the five amino acids might improve vaccine efficacy and block potential reactivity with the cell. We then predicted a 3D structure of the three vaccine candidates using homology modeling. Structurally, W1266A has a relatively strong interaction with Gal4 and Sia6 in GT1b. Thus, the mutation W1266A inhibits the binding between HCR/A and GT1b. In this study, the mutated amino acid R1269A indirectly interacted with the GalNac3 of GT1b via water. Therefore, the interactions involved in the binding between HCR/A and GT1b are relatively weak compared to other amino acids. However, when R1269A was substituted with alanine, the binding capacity to GT1b was approximately 100 times lower, which could be indirect evidence of inhibition of intracellular entry. In other words, both W1266A and R1269A have high potential as a HCR/A vaccine capable of minimizing structural changes and inhibiting intracellular inflow by a single mutation. A vaccine candidate was confirmed via the immune response and the protective efficacy against the BoNT/A toxin as a recombinant protein. The vaccination results of mice and guinea pigs in the current study demonstrated that BA15 did not cause adverse side effects or toxicity and was capable of eliciting neutralizing antibodies. These results showed that recombinant mutant proteins have epitopes that can produce neutralizing antibodies against BoNT/A. Previous studies, including animal and human vaccine studies, have reported that the epitopes inducing an immune response are located within the HCR subunit. David et al. showed that the recombinant HCR of BoNT/A protected mice from BoNT/ A intoxication. 22 In fact, the most advanced vaccine candidate for botulinum is a recombinant HCR subunit that is currently undergoing clinical trials. Although recombinant HCRs can protect animals, they can also enter neurons that are similar to BoNT/A via synaptic vesicle protein 2. [23] [24] [25] The toxicity of the recombinant HCRs entering cells remains unknown. However, because the receptor-binding site was mutated, our vaccine candidate has a weak binding ability to the GBP. An affinity assay demonstrated that HCR/A showed 100 times higher (14 and 28 days) . The results showed that IgG titer of BA15 was markedly higher than that of HCR/A. (B)The HCR/A or BA15 was administered to mice (10 mg/head) in an initial intramuscular injection (0 days) and in two subsequent boosts (14 and 28 days).IgG titer was analyzed until 15 weeks. IgG titer of BA15 was higher than that of HCR/A during 15 weeks. M affinity for GT1b than affinity for BA15. Therefore, BA15 in the body has a low binding ability to cells and increased circulation. As a result, the immunogenicity of BA15 was increased, and the IgG titer of BA15 was higher. Our ELISA results demonstrated that the IgG titer of BA15 was markedly higher than that of HCR/A. The IgG titer of BA15 was maintained until 11 weeks, but the IgG titer of HCR/A decreased at 9 weeks. In addition, a low dose immunization of BA15 induceda faster and stronger immune response than HCR/A. Przedpelski et al. 17 also showed that a W1266A mutant of HCR hadgreater protective efficacy than HCR/A. These authors reasoned that the greater protective efficacy of the mutant HCR might be because of the increased circulation of the immunogen due to the elimination of receptor binding.
It is important to produce a neutralizing antibody titer when administering a vaccine to an animal. Antibody titers are not normally correlated with neutralization capacity. Takeda et al. revealed that the serum ELISA titer was not correlated with the neutralization titer. 26 The present study identified a point mutation region of HCR capable of generating a neutralizing antibody. To confirm whether the sera from immunized mice neutralize the toxin, we conducted a SNAP25 cleavage assay. A SNAP25 cleavage assay can be used to screen for neutralizing antibodies. BoNT/A cleaves SNAP25, a plasma membrane protein region of the SNARE protein. The cleavage of SNAP25 blocks synaptic vesicle exocytosis and leads to paralysis in mammals. 27 The ability of BoNT/A to cleave SNAP25 blocks vesicle exocytosis. Fig. 3 shows that the vaccinated sera played an important role in blocking the cleavage of SNAP25, whereas the normal sera failed to block the SNAP25 cleavage. The positive control, NIBSC polyclonal botulinum A antibody, completely blocked the cleavage of the SNAP25 protein. Our SNAP25 cleavage assay demonstrated that BA15 elicited an immune response to produce neutralizing antibodies against BoNT/A. These data strongly demonstrate that BA15 is a crucial region for generating neutralizing antibodies, and it should be considered in future vaccine designs.
In conclusion, BA15 has a weak binding affinity to the ganglioside GT1b, and it is capable of producing protective antibodies against BoNT/A. In addition, BA15 induces more neutralizing antibodies than HCR/A at 3 weeks after immunization. Antibodies against BA15 can block SNAP25 cleavage on Neuro 2A cells and inhibit the toxicity of intact BoNT/A in mice and guinea pigs.
The present study did not assess different adjuvants or attempt to optimize the neutralizing antibody response. Future studies should analyze whether the vaccine candidate is quantitatively or qualitatively altered when administered with different adjuvants and only two immunizations.
Materials and methods

Modeling of HCR/A mutants
We downloaded the PDB file of the HCR/A complex with the ganglioside GT1b (PDB: 2VU9) from the RCSB Protein Data Bank and corrected its incomplete structure using Discovery Studio's clean protein software (DS version 3.5, BIOVIA, San Diego, CA). This software defined the amino acids involved in the ganglioside-binding site between HCR/A and GT1b. The result calculated based on the binding energy of the point mutation was then selected as the vaccine candidate. Homology modeling, mutation energy (stability) calculation and affinity with GT1b were conducted using the DS 3.5 program. A CHARMM force field was used to simulate and refine the model.
Construction and purification
The downloaded HCR domain of BoNT/A (residues T876 to L1296) was synthesized (CosmoGentech, Seoul, South Korea) with codon optimization for E.coli expression. The HCR template was amplified and subcloned into BamHI and NotI restriction sites of a pGEX4T3 vector (GE Healthcare Life Sciences, Chicago, IL) and tagged with N-terminal glutathione S-transferase. HCR/A mutants were created via overlap PCR mutagenesis. BA15 was transformed into BL21 DE3 cells (Invitrogen, Carlsbad, CA) for protein expression.
Transformed cells were grown in LB media (BD Biosciences, San Jose, CA) containing ampicillin. Expression was induced by adding isopropyl b-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM with a cell density of 0.4-0.5 OD600 in an overnight culture at 18 C. Cell pellets were resuspended in ice-cold 20 mMTris pH 8.0, 200 mMNaCl lysis buffer and then disrupted via sonication (Qsonica, Newtown, CT). Supernatants were loaded onto a GST column (GE Healthcare Life Sciences). BA15 was eluted and cleaved to remove the purification tag via thrombin (Sigma-Aldrich, St. Louis, MO). The final purification was loaded onto a Superdex 200 column (GE Healthcare Life Sciences, Chicago, IL).
Toxin production
The BoNT/A complexed toxin was purified from Clostridium botulinum type A, as previously described, 28 althougha slight modification was applied. A BoNT/A LD 50 dose in the mouse and guinea pig was evaluated at 0.125 ng and 4.2 ng each ( Table 1 ). The LD 50 dose is the dose that kills 50% of the animals
Affinity assay of ganglioside GT1b binding
The purified HCR of BoNT/A and BA15 were analyzed using surface plasmon resonance (Biacore X-100, GE Healthcare Life Sciences, Chicago, IL). The proteins of interest were immobilized on a CM5 chip with a ligand level of 3,000. Then, 1 to 100 mM of ganglioside GT1b (Santa Cruz Biotech, Dallas, TX) was sequentially added to analyze the affinity against the proteins. The association and dissociation times for each condition were 120 and 600 seconds, respectively.
Vaccination of mice and guinea pigs
Ten female 6-week-old ICR mice (Orient Bio, Sung-nam, South Korea) were immunized intramuscularly three times with 2 week interval with 10 mg, 1 mg or 0.1 mg of BA15 or HCR/A with 2% alhydrogel (InvivoGen, San Diego, CA) as an adjuvant. A control group of mice was composed of animals vaccinated with phosphate buffered saline (PBS) with 2% alhydrogel. Blood samples were collected on days 21 and 35 from the retro-orbital plexus, and serum was collected via centrifugation. Mice were challenged on day 37 with 100, 500, 1,000, 3,000 and 5,000 LD 50 of the BoNT/A. Survival was monitored until 14 days after toxin administration.
Seven-week-old female Hartley guinea pigs (Orient Bio, Sung-nam, South Korea) were randomly segregated into 5 groups. The animals in groups 1 through 4 were vaccinated intramuscularly on days 0, 14 and 28 with 25 mg of BA15 and 2% alhydrogel as an adjuvant. Group 5 was composed of animals vaccinated with PBS with 2% alhydrogel. Blood samples were collected from the cephalic vein on days 21 and 35, and the serum preparation was the same as described above for the mice. Guinea pigs were challenged on day 37 with 500, 1000, 3,000 and 5,000 LD 50 of the BoNT/A. The Animal Care and Use Committee at the Agency for Defense Development approved the mouse and guinea pig experiments.
Long-term antibody titer analysis following BA15 and HCR/A immunization
Ten female 6-week-old ICR mice (Orient Bio, Sung-nam, South Korea) were immunized intramuscularly with 10 mg of BA15 or HCR/A with 2% alhydrogel (InvivoGen, San Diego, CA) as an adjuvant. A control group of mice was composed of animals vaccinated with PBS with 2% alhydrogel. BA15 or HCR/A was administered on days 0, 14 and 28. Blood samples were collected on days 21, 35, 49, 63, 77 and 105 from the retro-orbital plexus, and serum was collected via centrifugation.
Passive protection assay
For confirmation of neutralizing antibodies induced by vaccination, each BA15 and HCR/A immunized sera (21 and 35 days sera) and na€ ıve sera were mixed with 10 LD 50 of BoNT/A toxin. Sera and toxin were incubated at room temperature for1 hour. Na€ ıve animals were administered these mixtures via intraperitoneal challenge. Survival was monitored for 10 days.
ELISA assay
Antibody titers for BA15 and HCR/A in mice were determined following standard procedures. Briefly, flat-bottom 96-well plates (Nunc, Rochester, NY) were coated with BA15 or HCR/ A (100 ng/well) and incubated at 4 C overnight, followed by washing with PBST (pH 7.4, Sigma-Aldrich, St. Louis, MO). The plates were blocked with 5% skim milk (Sigma-Aldrich, St. Louis, MO) in PBS for 1 hour and washed 3 times. Twofold serial dilutions of serum samples were added to the plates and incubated at 37 C for 60 min. Immunoglobulin G titers were determined using horseradish peroxidase-conjugated rabbit anti-mouse IgG (Sigma-Aldrich, St. Louis, MO). Anti-mouse IgG was diluted 1:8,000 in 5% skim milk in PBS, incubated for 60 min at 37 C and washed 3 times. DAB (Sigma-Aldrich, St. Louis, MO) was added as a substrate, and the plates were incubated for 20 min in darkness. The OD value was evaluated at an absorbance of 492 nm.
